The relationship between sedimentation coefficient and molecular weight for DNA sedimenting in preformed alkaline and neutral sucrose gradients was determined using absolute molecular weight standards (restriction fragments of plasmid pBR322 and phage X DNA). The range of calibration for alkaline gradients was extended to small DNA fragments (652 base-pairs) for the first time. The exponent b in the equation S 2f . o = aM^ was found to be 0.380 in neutral gradients and 0.410 in alkali. The W latter value differs significantly from previous estimates. The gradients were isokinetic, and the distance sedimented was shown to be directly proportional to the sedimentation coefficient at all times.
INTRODUCTION
Accurate determination of the sizes of fragments resulting from enzymatic degradations of DNA is crucial to characterization of these processes. Often such treatments, especially those involving repair of DNA damage, result in a random distribution of molecules ranging from large to very small lengths. Although gel electrophoresis is now the preferred technique for DNA length measurements, its use in the analysis of degradation products is limited, due to lack of resolving power in the large molecular weight range, and the problem of accurately measuring relative concentrations of very small fragments in a random distribution. Sedimentation in the analytical centrifuge using optical detection of DNA offers the advantages of convenience and sector-shaped cells (no wall effects). However, detection of low concentrations of small fragments is difficult, unless total DNA concentrations are relatively high. In this case, the dependence of sedimentation coefficient upon molecular weight, itself a function of fragment size, must be taken into consideration.
Thus zonal sedimentation in preformed sucrose gradients is still the method of choice in many instances. Gradients are usually analyzed by collection and assay of fractions. If highly radioactive DNA is used, the total DNA concentration may be so low that sedimentation is effectively at infinite dilution; nevertheless even small amounts of small DNA fragments may be detected accurately. Recently, sedimentation in alkaline sucrose gradients of DNA treated with damage-specific enzymes has been used to examine the frequency of a variety of lesions: the number of uracil residues incorporated into phage lambda DNA (1) ; the number of pyrimidine dimers produced by ultraviolet-light irradiation of DNA (2, 3) ; the number of single strand breaks induced in lambda DNA by near-UV irradiation in the presence of chloropromazine (4) ; the number of sites sensitive to SI nuclease induced in DNA by j!. coli arl mutations (5).
Accurate determination of the relationship between molecular weight and sedimentation velocity in preformed sucrose gradients has been increasingly necessary, therefore. The sedimentation coefficients of a homologous series of chain polymers can be related to their molecular weights by an expression of the form S = aM , where a and b are empirical parameters characteristic of the particular polymer (6, 7) . Over a very large molecular weight range the parameter values may change. This is the case for duplex DNA, which approaches random-coil behavior at very high chain lengths, and rigid-rod behavior at very low chain lengths (8, 9) . However, for single-stranded DNA in alkali at high ionic strengths, the same a and b values hold over a large molecular weight 7 8 range (from about 10 to 1.2 x 10 ) (10). One purpose of the work described here is to extend the range of calibration to smaller chains. It is now possible, through the use of restriction endonucleases, to obtain monodisperse preparations of well-defined DNA fragments over a wide molecular weight range. Also, more accurate molecular weight measurements are now available. For example, the base sequence of plasmid pBR322 has been totally determined, so its absolute molecular weight is known exactly (14) .
Accurate estimates for bacteriophage X DNA have been published, and a complete X sequence will eventually be available (F. Sanger, personal communication).
Here we use these techniques and information to calibrate sedimentation coefficients in alkaline and neutral sucrose gradients. Centrifugation in a Spinco SW 50.1 rotor was at 45,000 RPM or 49,000 RPM for 3 to 6 hours.
MATERIALS AND METHODS

DNA
Analysis of Gradient Profiles.
About 50 0.1 ml fractions were collected from the bottom of the tubes directly into vials containing 0.2 ml of 1.0 M Tris-HCl buffer (pH 7.4).
Radioactivity was determined by liquid scintillation spectrometry. In some experiments linearity of the gradients was verified by measurement of refractive indices (see Fig. 1 ). 
RESULTS AND DISCUSSION
DNA samples were digested with restriction enzymes Aval, EcoRI, Hindll, PstI or combinations of these enzymes to produce fragments spanning a wide range of sizes (see Table 1 ). Mixtures of these fragments were subjected to zonal sedimentation in preformed sucrose gradients. Each sample was centrifuged for a time and speed calculated to move all the fragments away from the meniscus regions, where accurate analysis of sedimentation velocity is least certain, and to spread the fragments over as much of the gradient as possible for optimal resolution of peaks. A representative profile is shown in Table 1 It was important for these calibrations to show that the gradients used were in fact isokinetic (7) . To demonstrate this, undigested lambda DNA and linear pBR322 (cut once by restriction endonuclease EcoRl) were centrifuged for various times at the same speed (49,000 RPM). The distance traveled by each of these molecules through alkaline sucrose in a given time appeared to be the same throughout the experiment (Fig. 3) . The migration of lambda DNA at the longest time point was somewhat retarded; these molecules are probably beginning to enter the 50% sucrose cushion. The plots do not intersect the ordinate at zero, presumably because of acceleration and deceleration times and any initial diffusion that occurs during loading. However, both lines appear to converge at the abscissa (within experimental error); the intercept (about -25 min.) corresponds to the effective time involved in acceleration-deceleration. A similar demonstration of isokineticity was Some plots lack one point or contain an additional point due to nearly identical lengths of two fragments or partial digestion by one enzyme. Fragment sources (see Table 1 Fig. 3 we calculate D ° = (const) M. , i.e. the value of the exponent is so close to 0.41 that sedimentation during acceleration-deceleration will not significantly affect the calibration.
Three conclusions here are particularly relevant to the determination of molecular weight distributions of partially degraded DNA by sedimentation in alkaline sucrose gradients. First, under conditions of high ionic strength sedimentation coefficients of fragments at least as large as 50,000 nucleotides and at least as small as 652 nucleotides conform to the equation S°2 Q = (const) M"-^l. The calibration rests on standard fragments whose molecular weight is known absolutely, or nearly so. It seems reasonable to assume that this equation holds accurately for larger fragments and at least approximately for smaller ones. Whether or not It is accurate for those very small fragments that remain near the meniscus when degraded DNA is analyzed is not important; determination of the true distance moved for these meniscus fractions is inaccurate anyway (1).
Second, under at least these conditions (5 to 20% linear gradients in 1/2 x 2-inch tubes), the distance sedimented by any given molecule is directly proportional to its sedimentation coefficient, D ± = (const) S.. This is true at all times, even those early times for which D. is not directly proportional to time because of the acceleration-deceleration "dead time". The constant of proportionality for any given molecule is different at different times, but the same for all molecules at any given time. Thus species at all positions in these gradients (except very near the meniscus) may be characterized accurately.
It has been brought to our attention that for a uniformly accelerating rotor, timing should begin when the rotor reaches 2/3 final speed. Under these circumstances, time-course curves (Fig. 3) should more nearly extrapolate to the meniscus at zero time. However, as the analysis here demonstrates, these considerations do not affect the relationship between molecular weight and distance sedimented.
Finally, a trade-off between precision and accuracy should be noted. The closer the molecular weights of unknown and standard, the more accurate the measurement, since errors in the calibration (determination of the exponent b) have the least effect. On the other hand, the closer the two molecular weights, the less precisely the difference can be determined by analysis of gradient fractions. Molecules whose length disparity corresponds to less than one fraction cannot be distinguished at all.
